Remote conditioning induced by ischemia in distant organs protects the heart from ischemia/reperfusion injury; however, its effect on ischemia-induced ventricular arrhythmias is unknown. Therefore, we tested the hypothesis that partial hindlimb occlusion during coronary artery occlusion increases the ventricular arrhythmia threshold (VAT) induced by coronary artery occlusion. Rats (n ¼ 7) were instrumented with a radio-telemetry device for recording arterial pressure, electrocardiogram (ECG), and body temperature. A Doppler ultrasonic flow probe and vascular occluder were placed around the terminal aorta. Finally, a snare was placed around the left main coronary artery. The VAT was determined without and, on an alternate day, during partial hindlimb occlusion (remote conditioning) in conscious rats. Without remote conditioning, the VAT was 4.56 + 0.15 minutes. Importantly, remote conditioning significantly increased the VAT (6.29 + 0.49 minutes), suggesting that ischemia in a distant organ may delay the development of ischemiainduced ventricular arrhythmias.
Introduction
Coronary artery occlusion-induced sudden cardiac death (SCD) is the major cause of mortality in industrially developed countries. [1] [2] [3] [4] The majority of SCDs are caused by ischemia-induced ventricular tachyarrhythmias. 5, 6 Despite improvements in cardiac care, most victims of cardiac arrest do not survive to leave the hospital. 2 Of the survivors, the 1-year mortality is 10% or higher with SCD accounting for approximately one third of the deaths in these patients. 7 Thus, ischemia-induced SCD represents a major health concern.
In 1986, Murry, Jennings, and Reimer first described the phenomenon of ischemic preconditioning (brief periods of ischemia interspaced with reperfusion reduced the infarct size of the preconditioned heart). 8 Specifically, 4 brief 5-minute periods of ischemia, prior to 40 minutes of coronary artery occlusion and 72 hours of reperfusion, produced a marked reduction in myocardial infarct size in the preconditioned area. Thus, short periods of noninjurious ischemia/reperfusion applied before a prolonged ischemic insult reduced tissue damage in the preconditioned area. The ischemic preconditioning concept was extended in 1993 by Przyklenk and colleagues who documented intraorgan ischemic preconditioning. 9 Specifically remote ischemic preconditioning of the left circumflex bed protected the left anterior descending coronary artery bed from infarction during sustained ischemia in this region. Thus, a brief period of ischemia in a remote area of the heart reduced the infarct size in a nonpreconditioned area after prolonged ischemia/reperfusion. This finding stimulated investigators to examine the cardioprotective effects of ischemic preconditioning of organs distant from the heart. These investigations documented that remote ischemic preconditioning induced by ischemia in distant organs protects the heart from ischemia/reperfusion injury. 10 For example, remote preconditioning induced by brief periods of limb ischemia using a blood pressure cuff or tourniquet reduced myocardial infarction by 50% in a porcine model. 11 Similarly, brief periods of ischemia of the intestine, 12 kidney, 13 or limb 11 in advance of a prolonged period of ischemia protect the myocardium and other tissues from ischemia/reperfusion injury. [14] [15] [16] [17] It is thought that remote ischemic conditioning protocols mainly prevent tissue damage that occurs during early reperfusion rather than during ischemia. 18 This is an important consideration because temporary occlusion of the coronary arteries can lead to potentially lethal arrhythmias that are triggered by the ischemic insult directly or during the reperfusion phase. The mechanisms mediating the ventricular arrhythmias during ischemia and reperfusion are related but distinct, and ischemia is a more common trigger of sudden death than is reperfusion. Accordingly, the effect of remote conditioning on ischemia-induced ventricular arrhythmias is unknown.
Therefore, we tested the hypothesis that partial hindlimb occlusion during coronary artery occlusion increases the ventricular arrhythmia threshold (VAT) induced by coronary artery occlusion. The VAT was defined as the time from coronary occlusion to sustained ventricular tachycardia resulting in a reduction in arterial pressure. Conscious, chronically instrumented rats were studied to negate the confounding effects of anesthetic agents and surgical trauma.
Materials and Methods

Ethical Approval
Experimental preparations and protocols were reviewed and approved by the Animal Care and Use Committee of Wayne State University and complied with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health. 19 
Surgical Procedures
All surgical procedures were performed using aseptic procedures. Male Sprague Dawley rats (n ¼ 7, presurgical body weight 280 + 13 g; presacrifice body weight 365 + 16 g) were anesthetized with sodium pentobarbital (50 mg/kg, intraperitoneal [IP]) and supplemental doses (10 mg/kg, IP) were administered if the rat regained the blink reflex or responded during the surgical procedures. Subsequently, a telemetry device (Data Sciences International PhysioTel C50-PXT, St. Paul, MN; pressure, temperature, and electrocardiogram [ECG]) was implanted as previously described [20] [21] [22] and a catheter was placed in the IP space for the infusion of fluids. The transmitter body, which contains the thermistor, was placed in the IP space. The pressure sensor of the telemetry device, located within the tip of a catheter, was inserted into the descending aorta for continuous, nontethered, recording of pulsatile arterial blood pressure. The electrical leads from the telemetry device were placed in a modified lead II configuration by placing the negative electrode slightly to the right of the manubrium and the positive electrode at the anterior axillary line along the fifth intercostal space. In addition, a Doppler ultrasonic flow probe and vascular occluder were positioned around the terminal aorta, as previously described. 23 A minimum of 1 week was allowed for the animals to regain their presurgical body weight. During the recovery period, the rats were handled, weighed, and acclimatized to the laboratory and investigators.
After recovery, the animals were anesthetized as described above and the hearts were approached via a left thoracotomy through the fourth intercostal space. A coronary artery occluder was made from 5.0-gauge atraumatic prolene suture (8720H; Ethicon Inc, http://www.esutures.com), which passed through a PE-50 polyethylene guide tubing (Clay Adams). The suture was positioned around the left main coronary artery 2 to 3 mm from the origin by inserting the needle into the left ventricular (LV) wall under the overhanging left atrial appendage and bringing it out high on the pulmonary conus. 22, [24] [25] [26] [27] [28] The guide tubing with the other end of the occluder was then exteriorized at the back of the neck. The tubing was filled with a mixture of Vasoline and mineral oil to prevent a pneumothorax. At least 1 week was allowed for recovery. During the recovery periods, the rats were handled, weighed, and acclimatized to the laboratory and investigators.
Experimental Procedures
Susceptibility to ischemia-induced ventricular tachycardia (VT). Conscious, unrestrained rats were studied in their home cages (approximately 13 350 cm 3 ) for all experiments. Rats were allowed to adapt to the laboratory environment for approximately 1 hour to ensure stable hemodynamic conditions. After the stabilization period, beat by beat, steady state preocclusion hemodynamic variables were recorded over 10 to 15 seconds. Subsequently, the left main coronary artery was temporarily occluded by use of the prolene suture. Specifically, acute coronary artery occlusion was performed by pulling up on the suture that was around the left main coronary artery and manually holding it in place ( Figure 1 ). Rapid changes in arterial pressure and the ECG (peaked T wave followed by ST-segment elevation) occur within seconds of pulling on the suture, documenting coronary artery occlusion. The occlusion was maintained until the onset of VT but no longer than 8.0 minutes to prevent myocardial damage. Ventricular tachycardia was defined as sustained ventricular rate (absence of P wave, rapid, wide QRS complexes) greater than 1000 beats/min with a reduction in arterial pressure below 40 mm Hg. In the control and remote conditions, all the rats experienced tachycardia before the 8.0-minute occlusion limit. Normal sinus rhythm appeared upon termination of the occlusion by gently compressing the conditions. Coronary artery occlusion resulted in ST-segment elevation followed by sustained VT. Coronary artery occlusion in the remote conditioning group was associated with a lower ST-segment elevation and a delayed onset of VT compared to the control group. In this example, the ST-segment elevation in the control condition was 0.17 versus 0.08 volts in the remote condition. Furthermore, the ventricular arrhythmia threshold was significantly longer in the remote conditioning versus the control group.
thorax. Without compressing the thorax, the sustained VT progresses to ventricular fibrillation. Ventricular fibrillation was defined as a ventricular rhythm without a recognizable QRS complex, in which signal morphology changed from cycle to cycle and for which it was impossible to estimate heart rate. In the event when the animal did not resume normal sinus rhythm, cardioversion was achieved (after the rat lost consciousness) with the use of 1 shock (10 J) of direct current (DC). All rats were successfully resuscitated following the ventricular arrhythmias. The VAT was defined as the time from coronary artery occlusion to sustained VT, resulting in a reduction in arterial pressure below 40 mm Hg (Figure 1 ). On an alternate day (at least 1 week later), the protocol was repeated with partial hindlimb occlusion. 23 Briefly, coincident with the coronary artery occlusion, the vascular occluder around the terminal aorta was partially occluded reducing flow by 62 + 9% and maintained until the induction of sustained VT. The order of the protocols, control, and partial terminal aorta occlusion were randomized.
Determination of ischemic zone. After the experiments, the rats were euthanized with an overdose of sodium pentobarbital. To determine the size of the ischemic zone, the heart was excised with the occluder intact and perfused via the aorta with 30 mL of 0.9% saline to wash out the blood. Subsequently, the left main coronary artery was occluded by tying the suture. Evans Blue dye (100 mL, 0.5%) was perfused via the aorta, allowing the dye to infuse into the nonischemic area of the heart, leaving the ischemic regions unstained. The heart was trimmed leaving only the right and left ventricles, rinsed to remove the excess blue dye, and weighed. The heart was trimmed again leaving only the ischemic region. The weight of the ischemic zone was expressed as the percentage of total ventricular weight. 22 To determine whether the occlusion produced a myocardial infarction, the heart was sliced transversally into approximately 1.0-mm sections and incubated in a 1% solution 2,3,5-triphenyltetrazolium chloride (TTC; Sigma, Atlanta, GA) at 37 C for 20 minutes. The heart sections were placed between 2 glass slides and immersed in 10% formalin overnight to enhance the contrast of the stain. 2,3,5-Triphenyltetrazolium chloride staining differentiates viable tissue by reacting with myocardial dehydrogenase enzymes to form a red brick stain. Necrotic tissue, which has lost its dehydrogenase enzymes, does not form a red stain and shows up as pale yellow. This stain has been shown to be a reliable indicator of myocardial infarction. 29 
Data Analysis
All recordings were sampled at 2 kHz and the data were expressed as means + SE. A paired t test was used to compare the VAT between the control and the remote conditioning conditions. A 2-factor analysis of variance (ANOVA) with post hoc Tukey test was used to compare mean arterial blood pressure, heart rate, and terminal aortic blood flow velocity between the 2 experimental conditions (control and remote conditioning) before occlusion (preocclusion) and at 3.5 minutes of the occlusion. This standardized time point was selected to compare identical time point between conditions. This was necessary because the VAT was different between conditions. Preocclusion and 3.5 minutes of the occlusion data were the average of every beat during the last 10 to 15 seconds of the period. Finally, paired t tests were used to compare ST-segment elevation and rate-pressure product in the 2 experimental conditions. The ECGs were analyzed off-line to measure the ST-segment elevation (voltage difference between the baseline and J point) using the ECG analysis software for Chart (ADInstruments, Colorado Springs, CO). 30 The rate-pressure product, an index of myocardial oxygen demand, was calculated as systolic blood pressure Â heart rate/1000. 31 Results Figure 1 presents 1 second of data at each time period for arterial pressure, the ECG, and terminal aortic blood flow velocity before occlusion of the left main coronary artery (preocclusion), at 3.5 minutes of coronary artery occlusion and at the onset of VT in an intact conscious male rat under the control (panel A) and remote (panel B) experimental conditions. Coronary artery occlusion resulted in STsegment elevation followed by sustained VT (absence of P wave, rapid, wide QRS complexes, zero terminal aortic blood flow velocity and decrease in arterial pressure). Importantly, however, coronary artery occlusion during remote conditioning was associated with a lower ST-segment elevation and a delayed onset of VT compared to control. In this example, the ST-segment elevation in the control condition was 0.17 versus 0.08 volts in the remote condition. Furthermore, the VAT was significantly longer in the remote conditioning versus the control condition. Figure 2 presents the VAT in the control and remote conditioning conditions. The VAT was significantly longer in the remote versus control condition (6.29 + 0.49 vs 4.56+0.15 minutes, respectively). Thus, remote conditioning reduced the susceptibility to ischemia-induced sustained VT. Figure 3 presents the ST-segment elevation (panel A) and rate-pressure product (panel B) at 3.5 minutes of occlusion. This standardized time point was selected to compare identical time point between conditions. This was necessary because the VAT was different between the control and the remote conditioning conditions. The ST-segment elevation was significantly lower in the remote versus control condition (0.06 + 0.02 vs 0.16 + 0.004 volts, respectively). There were no differences in rate-pressure product between the conditions. Thus, remote conditioning reduced the severity of myocardial ischemia. Table 1 presents mean arterial blood pressure, heart rate, and terminal aortic blood flow immediately before the occlusion and at 3.5 minutes of occlusion in the 2 experimental conditions of control and remote conditioning. There were no differences in mean arterial pressure before the occlusion (preocclusion) or at 3.5 minutes of occlusion in the control and remote conditioning experimental conditions (condition effect, P ¼ .052). In contrast, heart rate was significantly higher at 3.5 minutes of occlusion in both conditions (significant treatment effect with no group by treatment interaction). Furthermore, terminal aortic blood flow was significantly lower at 3.5 minutes of occlusion in both conditions (significant treatment effect) with a significant group by treatment interaction. Post hoc Tukey test indicated that terminal aortic blood flow was significantly lower at 3.5 minutes of occlusion within the remote conditioning condition. The size of the ischemic zone was 53 + 3% and based on the TTC protocol, the occlusion did not cause an infarction in any rat.
Discussion
In this study, we tested the hypothesis that partial hindlimb occlusion (remote conditioning) during coronary artery occlusion increases the VAT induced by coronary artery occlusion. Specifically, we recorded the VAT induced by myocardial ischemia in conscious rats in the control and partial terminal aortic occlusion (remote conditioning) conditions. The major finding of this study is that the VAT was significantly longer during the remote conditioning versus control condition (6.29 + 0.49 minutes vs 4.56 + 0.15 minutes). Thus, remote conditioning reduced the susceptibility to ischemia-induced sustained VT. Ischemia-induced tachyarrhythmias that culminate in ventricular fibrillation 6 are the leading cause of death in industrially developed countries. 32 Despite the clinical relevance of ischemia-induced arrhythmias, very little information is available regarding remote conditioning protocols to prevent ischemia-induced tachyarrhythmias. In fact, this is the first study to document the protective effect of remote conditioning (the application of ischemia to a distant vascular area during myocardial ischemia [not reperfusion]) on ventricular tachyarrhythmias in conscious rats. Although Schmidt and colleagues demonstrated, in anesthetized pigs, that remote conditioning had a tendency to reduce arrhythmias during left anterior coronary artery occlusion, it did not reach statistical significance. 33 In contrast, there was a significant reduction in the number of episodes of malignant ventricular arrhythmia during reperfusion. 33 It is well documented that remote conditioning reduces myocardial infarct size. 12, 13, 34, 35 Gho and colleagues documented that remote preconditioning from the intestine or kidney was abolished by ganglionic blockade with hexamethonium, suggesting the involvement of a neuronal mechanism. 34 However, reperfusion of the mesenteric artery was required to achieve protection, which also suggests a humoral mechanism for the infarct-sparing effects. 34 Similarly, mesenteric intraarterial infusion of bradykinin reduced myocardial infarct size, which was abolished by hexamethonium. These data suggested that intestinal ischemia may induce local bradykinin release, which activated a neuronal mechanism. However, spillover and transport of bradykinin through the systemic circulation could not be excluded. 12 Subsequent studies demonstrated that adenosine and activation of ATP-sensitive potassium channels (K ATP channels) are involved in remote preconditioning of the myocardium. 13, 36 Patel and colleagues 15 reported that the opioid antagonist naloxone abolished the infarct-sparing effects of remote preconditioning in anesthetized rats. These results extend the well-established role of opioids in classic ischemic preconditioning 37 and delayed preconditioning. 38 However, it is unclear whether the remote ischemia/reperfusion elicited a local release of opioids, which were then transported through the systemic circulation to induce cardioprotection or whether a neuronal mechanism was involved. Thus, although adenosine, bradykinin, opioids, and activation of K ATP channels are involved in remote preconditioning, it is unclear whether the protection from one organ to the other is through a neuronal pathway or the systemic circulation.
Changes in the ST-segment shift as well as indirect indices of myocardial oxygen consumption (tension-time index, double product, and triple product) are valid markers of the severity of myocardial ischemia. [39] [40] [41] [42] [43] [44] [45] We used ST-segment shifts and double product (rate-pressure product; Figure 3 ) as an index of the severity of myocardial ischemia. Remote conditioning reduced ST-segment elevation during coronary artery occlusion. These data document that remote conditioning reduced the severity of myocardial ischemia. However, it is important to note that the mechanisms mediating the remote conditioninginduced cardioprotection were not examined in this study and remain uncertain. Importantly, Tapuria and colleagues reviewed the underlying mechanisms of remote ischemic conditioning and provided 10 tables of mechanisms with reference for its effects. 46 Readers are referred to this complete review for insights on mechanisms. 46 
Conclusion
Remote conditioning during coronary occlusion increased the VAT in conscious rats. It remains to be determined whether the protection from one organ to the other is through a neuronal pathway or the systemic circulation. Furthermore, additional research is required to determine whether the benefits of remote conditioning on arrhythmias is mediated by the same mechanism as its benefit on infarct size.
